Abstract-This paper provides theoretical and experimental studies of radio-frequency (RF) photonics processing techniques applicable in subcarrier-multiplexed optical-label switching (OLS) communications systems. The paper provides an overview of various label-coding technologies and introduces subcarrier multiplexing (SCM) as an attractive technology for OLS networks. All-optical-label extraction using optical filters, such as fiber Bragg gratings (FBGs), provides an effective means to demodulate the SCM labels without inducing RF fading effects caused by fiber dispersion. Furthermore, the role of fiber nonlinearities in the RF fading effects are theoretically and experimentally verified. The all-optical label extraction and rewriting processes constitute optical-label swapping, wherein 2R data regeneration can take place. Scalable and cascadable OLS systems are feasible by applying viable RF photonics technologies in all-optical-label processing.
I. INTRODUCTION
T HE remarkable growth of Internet traffic has spurred research and development of scalable and high-capacity networking technologies. While the introduction of wavelength-division multiplexing (WDM) has provided increased capacity beyond 10 Tb/s over a single strand of fiber [1] , improvements in switching capacity of Internet protocol (IP) routers have not been as impressive. Optical-label switching (OLS) [2] is a promising technology providing scalability in routing where switching occurs directly in the optical layer without optical-electrical-optical (O/E/O) conversions. The OLS network, realized on a WDM platform, utilizes a short ( 40-b) optical label attached to a datagram to convey information pertaining to routing. Each OLS router (OLSR) reads the optical label, compares the label content with the routing table, makes a forwarding decision, and configures the switching fabric to forward the datagram to the desired output wavelength of the desired output port. Optical-label swapping in the OLSR provides network scalability beyond what can be sustained with a limited number of labels. A recently integrated OLSR has demonstrated a switching speed of 600 ps with 250-ns latency, with a prospect to scale beyond 42-Pbt/s switching capacity [3] .
The architecture and the performance of the OLS network relies heavily on the methods used for encoding, transmitting, extracting, and rewriting the optical labels. Previous extraction methods [4] incorporating high-frequency electronics suffered from fading effects due to interactions between RF subcarrier waves and fiber dispersion [23] . Viable optical technologies for processing optical-subcarrier labels directly in the optical domain can be beneficial in many aspects. To this end, recent papers have proposed and demonstrated a number of new label encoding and decoding technologies [4] - [22] . This paper first compares these methods in Section II and determines that subcarrier multiplexing (SCM) is the most attractive method. Section III discusses SCM fiber transmission experimental results immune to RF fading effects. Section IV describes the interaction between this fading effect and fiber nonlinearities. Section V demonstrates all-optical label swapping technology with 2R data regeneration using SCM. Finally, Section VI concludes this paper.
II. LABEL-CODING TECHNIQUES
A key issue in the OLS approach is the method of coding the optical label onto a data payload, as it not only affects the architecture of the OLSRs but also strongly affects the performance of the OLS system. Recent research has proposed and demonstrated many label-coding techniques [4] - [22] . Among them, the four main approaches are 1) bit serial (time-division multiplexing), 2) label wavelength (WDM), 3) optical SCM, and 4) optical orthogonal modulation methods.
A. Bit-Serial Method
The bit-serial method utilizes time-division-multiplexed (TDM) labels [5] - [8] , similar to the synchronous optical network/ synchronous digital hierarchy (SONET/SDH) overhead. The label and the payload are serial in the time domain, interspaced with an optical guard time to facilitate label extraction and processing. The bit rates of the label and the payload can be the same [6] or different [5] . This method is straightforward to implement at the transmitter end, since the label and the payload are both in baseband formats and use the same wavelength channel. It also provides possibilities for all-optical regeneration and label processing [6] , [7] . However, the label receiving may require sophisticated synchronization and timing control [5] . In some cases, accurate control signals have to be generated at each hop to inform the label processors of the temporal positions of the labels [7] . In other cases, different power levels or coding formats (such as return to zero (RZ) and nonreturn to zero (NRZ)) are taken to distinguish the label and the payload [8] . Relatively complicated signaling or receiver designs make this bit-serial method difficult for practical applications. Moreover, the label and the data payload occupy separate time spaces, limiting the available data throughput.
B. Label Wavelength Method
The label wavelength method transmits the optical label on one [9] or multiple [10] wavelength channels that are transmitting the optical labels. The label extracting and swapping is easily achieved by using separate optical transceivers for the label and the payload occupying separate wavelengths. The primary drawback results from the chromatic dispersion of the optical fiber. Different wavelength channels propagate through the fiber at different speeds, resulting in walk-off between the label and the payload. This phenomenon limits the transmission distance and the network scalability, unless each link incorporates dispersion management. Limited network scalability is also an issue. Allocating one label wavelength for each payload channel will clearly require a far greater optical bandwidth than required by the information on the label and the data. Allocating one label wavelength for all of the multiple payload channels [9] could cause collisions between labels the traffic becomes heavy. Furthermore, this method greatly underutilizes the label channel capacity since the optical labels are relatively short and low speed compared with the data payloads.
C. Optical SCM Method
The optical SCM technique [4] , [11] places the label in-band in terms of the wavelength channels, but out-of-band in terms of the modulation channels. It accommodates both the label and the data payload on the same optical wavelength by treating the payload as a baseband signal while modulating the label on the subcarrier channels [4] , [11] . Fig. 1 shows the SCM-labeled signal in the time and frequency domains. The SCM label does not occupy any additional time slot but instead occupies a small amount of additional bandwidth (100 MHz-1 GHz) in the optical spectrum. Using the SCM method, the label and the payload travel simultaneously through the network, and there is no need to maintain tight synchronization at any node, achieving simplified network control. Furthermore, the SCM labeling method is relatively efficient in terms of wavelength channel utilization in that the SCM labels do not occupy any additional time slots or wavelength channels. The additional bandwidth required is usually well within what can be accommodated between the channel spacing of the dense-wavelength-division-multiplexing (DWDM) networks. There are methods to even further improve the channel utilization of SCM labeling, such as single-sideband (SSB) transmission [12] and dispersion-division multiplexing [13] . As this paper discusses in later sections, the SCM labeling method also allows flexible label extraction and swapping in the optical domain. While the main drawback of the SCM technique is the RF fading effect coming from the interaction between the RF subcarrier and the chromatic dispersion in optical fibers [14] , the optical-frequency-domain filtering method eliminates the fading effects [15] . Section III discusses this technique in detail.
D. Orthogonal Modulation Method
The orthogonal modulation technique encodes the optical-label information using the optical carrier itself [22] . The data payload is intensity modulated, while the label is represented by either the phase [18] or the frequency [16] , [17] information of the optical carrier. For example, in the amplitude shift-keying (ASK) payload/frequency shift-keying (FSK) label scheme, the label frequency modulates the optical carrier first, using one optical frequency to transmit "0" and another optical frequency for "1", and then the payload modulates the intensity of the FSK carrier. In the label receiver, an optical bandpass filter removes the signal light at , and a photodetector and an electrical low-pass filter demodulate the label from the filtered light. The payload receiver uses a photodetector to convert the intensity-modulated payload into an electrical signal and to remove the FSK label. This novel technique allows all-optical label swapping, flexible wavelength conversion, and high-bit-rate operation [19] . This scheme is limited by the extinction ratio of the payload, which cannot exceed a certain limit [20] , [21] ; otherwise, the orthogonal modulation scheme will lose the label information. There is a tradeoff between the signal qualities of the payload and the label. This requirement limits the system transparency to the signal format and introduces crosstalk. Fiber dispersion and nonlinearities also affect this label-coding method. For FSK-based orthogonal modulation, the two FSK tones with large tone spacing will have different responses when propagating through the fiber, distorting the payload signal and increasing crosstalk. For high-bit-rate differential phase-shift-keying (DPSK) label, the fiber dispersion and nonlinearity will affect the phase information of the optical carrier and deteriorate the signal. While the fiber dispersion may not limit the performance for relatively low-bit-rate ( 1 Gb/s) DPSK labeling, the DPSK modulation may impose stringent requirements on the linewidth of the laser ( 10 MHz) [21] . Table I summarizes overall discussions on the label-coding schemes. The optical SCM technique shows a number of attractive properties, including high wavelength channel utilization, a loose timing requirement, low crosstalk, and flexible label extracting and rewriting. In the following two sections, this paper discusses theoretical and experimental studies of optical-label extraction, fiber transmission including nonlinear optical effects, and label swapping.
E. Overall Comparison

III. OPTICAL SCM THEORY
Simple optical amplitude modulations of the RF subcarrier result in two sidebands around the optical carrier. During the propagation of this double sideband (DSB) signal through a dispersive fiber, the upper and the lower SCM sidebands will undergo different phase shifts due to the different phase velocities. The square-law photodetection applied to this DSB signal will exhibit the RF fading effect, which comes from the interaction of the optical carrier and the two SCM sidebands.
A. Small-Signal Analysis
The intensity of a light signal with the encoded payload and the SCM label has the expression (1) where and are the amplitude of the payload and the label, is the modulation index of subcarrier label, and is the angular frequency of the subcarrier. The light signal in (1) will suffer from the RF fading effect after propagating through a dispersive fiber and being recovered by a photodiode. To analyze this phenomenon analytically, we perform a small-signal approximation [24] . The small-signal model assumes that there is no modulation on optical baseband and SCM channels, and the amplitude of the subcarrier is smaller than that of the optical carrier. This model reduces the light intensity in (1) to a small-signal formula [24] ( 2) where is the modulation index and . Equation (2) shows that represents the amplitude (information) of the optical baseband signal (payload channel), and represents the amplitude (information) of the optical SCM signal (SCM label channel). The electric field of the light signal is a periodic function in time, and it can be decomposed into a Fourier series [24] (3a)
where is the optical carrier frequency, and is the chirp parameter of the light source. As illustrated in (3b), the signal power is mainly distributed in the three components restricted to the first power of when . For the cases that , it is necessary to take the high-order components into account. The Fourier coefficients of the three dominant components are [24] (4)
In (4), we can recover from and recover from and ; thus, represents the information of the payload channel, while and represent the information of the SCM label channel. During the propagation on a dispersive fiber, those three components have slightly different phase velocities and acquire different phase shifts at the receiver. Define those phase changes as , , and . Then, the electric field of the light signal after propagating through a dispersive medium is [24] (5)
In the angular frequency domain, this electrical field is (6) where is the impulse function. In (6) , there are three carriers (an optical carrier and two SCM sidebands) with different phase shifts, and they will interact with each other in a photodiode to generate two subcarrier components with different phases in the received electrical signal [24] . The phase difference between the two components will vary with the transmission distance. Thus, the total power of these two components will fluctuate over different transmission distances. This analysis ignores the optical losses in the fiber, since it contributes only for a constant factor in the frequency response. At the receiver, the photocurrent generated by the photodetector is given as ( is the responsivity of the photodiode), and the received SCM signal power is [23] (7) Equation (7) shows that the received SCM signal power will be changing with the transmission distance if all the other parameters are fixed. This is the RF fading effect of the optical SCM systems. The received SCM power will be zero at the distances [23] , [24] where (8) In the 1550-nm range, a single-mode fiber (SMF) has 17 ps nm km). At 14-GHz subcarrier frequency, those distances are 18.7 km where (
At these transmission distances, the RF fading effect will cancel out the SCM label signal. Simulation results manifest this phenomenon. Fig. 2 shows the simulation results assuming zerochirp modulation. In the simulation, we ignore the optical loss of the fiber but decrease the optical signal-to-noise-ratio with the distance; by doing this, we simulate a steady-state fiber link with distributed optical amplifiers. As small-signal analysis predicted in (9), the received SCM power reaches to a minimum for approximately every 38 km. At 18.7 and 56.1 km, the eyes close, and only the noise appears.
The RF fading effect limits the system's transparency to transmission distance. While dispersion-compensated transmission links are widely used today, the frequency chirp in optical SCM signals rising given modulation characteristics can still induce fading. The frequency chirp of the optical transmitter is usually difficult to predict at the receiver, and it is difficult to cancel by dispersion compensation. Thus, it is desirable to find methods that do not require any knowledge about the optical transmitter to eliminate the RF fading effect. Optical spectral filtering may satisfy this requirement. There are two options: one is SSB transmission [30] and the other is carrier-suppressed label extraction [15] . Both methods may benefit from suitable optical filters, such as fiber Bragg gratings (FBGs) [15] .
An FBG functions as an optical bandpass filter for the reflected field and an optical band-stop filter for the transmitted field [29] . Assuming that the FBG has a Gaussian-shape frequency response and the amplitude response for the reflected field is given as (10) where is the center frequency of the FBG, is the 3-dB bandwidth, and is a constant. The reflected field results from multiplying (6) by (10) given as (11) Equation (11) shows that the FBG multiplies a constant coefficient onto each of the three frequency components in (6) , and the coefficients' values are determined by and . Thus, by carefully adjusting and , one can suppress one or two of the SCM sidebands with an FBG.
B. SSB-SCM Transmission
Suppose the SSB transmitter removes the upper SCM sideband (
in (5)); then, the electrical field of the light signal after fiber transmission is (12) where and are the phase shifts that are defined in (5) . At the receiver, the photodetector generates a photocurrent proportional to the intensity of the optical signal and the photocurrent is given as (13) where is the responsivity of the photodiode. Only one component with frequency exists in this received electrical signal, and the RF fading term disappears. Simulation results also prove this result. In Fig. 3(a) , the received SCM signal power is almost the same for different distances after SSB transmission. The small BER fluctuation in Fig. 3(b) is caused by the nonideal SSB-SCM generation, or in other words, the optical filter cannot totally remove the lower SCM sideband, and the remainder of it causes the fading-like small BER fluctuation. Fig. 4 shows the SSB transmission experimental setup. The setup consists of a distributed feedback (DFB) laser diode (DFB-LD), a Mach-Zehnder modulator (MZM), an erbium-doped fiber amplifier (EDFA) with bandpass filter, an optical circulator, an FBG, a 0 80 km transmission SMF, and a label detector. The 10-Gb/s MZM is driven by the combined signal of the data payload and the SCM label. The payload signal is 2.5-Gb/s NRZ format with pseudorandom binary sequence (PRBS), and the SCM label signal is 155-Mb/s NRZ ASK-modulated signal with PRBS on a 14-GHz RF subcarrier. The center wavelength of the DFB LD is 1557.36 nm. As Fig. 5 illustrates, the SSB-SCM generation involves the amplified DSB-SCM signal entering the optical circulator and the FBG and subsequently being filtered by the FBG with peak reflectivity centered at 1557.25 nm to reject one SCM sideband. The photodiode conducts an optical-electrical (O/E) conversion of the SSB-SCM signal after fiber transmission, and the electrical bandpass filter and the envelope detector recover the 155-Mb/s label from the received electrical signal.
The right-hand side inset of Fig. 4 shows the structure of the SCM label detector. It consists of a dc block, a low-pass filter, a bandpass filter, an envelope detector, and an amplifier. The experiment included measurements of the BER performance for both of the SSB-SCM and DSB-SCM labels, over 10-80-km SMF transmission. Fig. 6 shows the label receiver sensitivity (at 1E-9 BER level) measurements for both of the SSB-SCM and DSB-SCM schemes,over 0-80-km SMF transmissions. The insets are the received label eye diagrams measured at each transmission length. The DSB-SCM scheme shows significant signal deterioration owing to fading effects around 20 and 60 km, while the label eye diagrams of the SSB-SCM scheme show clear eye openings at different transmission distances. The SSB-SCM signal does not suffer from the RF fading effects.
C. Carrier-Suppressed DSB-SCM Label Extraction
Optical carrier suppression is another method to eliminate the RF fading effect [15] . Fig. 8 shows a configuration of carrier-suppression DSB-SCM. The FBG acts as a demultiplexer to optically separate the label and the payload before the photodetector. In this scheme, the electrical field of the light signal after FBG is (14) Then, the photodetector's output current is (15) An electrical low-pass filter then filters out the component. Finally, the received signal only contains the label information, and the RF fading term disappears. Fig. 7 shows simulation results in which the received label signal power is constant and eyes are always open, regardless of the transmission distance. Fig. 9 shows the experimental setup for measuring the fading effects. The label detector consists of an optical circulator, an FBG, a photodetector, and an electrical low-pass filter. Fig. 10 shows the relation between the receiver sensitivity (at 1E-9 BER level) and the transmission length. The experiment results prove that the FBG-based label extraction effectively suppressed RF fading effects. The optical loss in the fiber causes the receiver sensitivity to increase with the transmission distance.
IV. NONLINEAR OPTICAL EFFECTS AND RF FADING
As described in the previous formulas, the fiber dispersion causes the RF power of a DSB-SCM signal to vary as a function of fiber distance. These derivations assume that the optical powers are small enough to neglect nonlinear optical effects, which cannot be ignored when fiber amplifiers are used in the link. In reality, the DSB-SCM signal strength varies as a function of the input optical power, and this section explores the effects of the fiber nonlinearities on the DSB-SCM signal transmission. This section includes small-signal analyses to predict the mathematical behavior of the fading, followed by simulations and experimental results to show the true behavior of the subcarrier.
A. Small-Signal Analysis
One can analyze the effects on nonlinearities by using the small-signal approach [24] used in Section III-A. This assumes that the intensity undergoes small-signal modulation ( (2)) and that the field can be expressed as a Fourier series ( (3)). The baseband and subcarrier components are represented by (4) . After propagation through the fiber, the field components experience the phase change , which represents phase induced by dispersion and nonlinearities [24] (15) (16) In , there are two components-the dispersion term and nonlinear term. Fiber attenuation must be considered in the nonlinear term, but a separate fiber attenuation term is excluded in , since it is uniform for all . In the dispersion term, is the fiber propagation length, and is the propagation constant. In the nonlinear term, is the nonlinear coefficient, and is the effective length of the fiber. The effective length is the distance over which the nonlinearity affects the field and is defined as (17) describes the fiber loss per kilometer, and is the loss in units of decibels, neither of which should be confused with the chirp parameter . The intensity component of frequency ( ) received by the photodetector is given by (18) Inserting (4) into (18) yields the following RF sideband power, where the power can be directly substituted for intensity. It assumes , as follows: (19) where is the subcarrier frequency in hertz.
The minimum RF powers occur for (20) Solving for the null frequency yields an expression that allows one to predict the behavior of the fading as a function of power, chirp, and dispersion, as follows: (21) From this equation, one finds that the chirp parameter roughly provides an overall shift in the null frequency. The power will also shift the null frequency, but it only becomes significant when becomes greater than the nonlinear factor . From (20) , it would also be convenient to solve for an expression that describes the distance for a given subcarrier frequency, but a closed-form expression for does not exist. In the next Fig. 10 . Relation between the receiver sensitivity and the fiber transmission length for the carrier-suppressed DSB-SCM optical label signal.
section, a computer simulation is used to demonstrate the behavior of ; moreover, simulation and experimental results are presented to show that the small-signal approximation closely follows the behavior of DSB-SCM transmissions.
B. Experimental Demonstration and Simulations
An experiment was performed to show the influence of nonlinearities on DSB-SCM fading. Fig. 11 shows the experimental setup used, with greater detail of the DSB-SCM transmitter shown in Fig. 9 . A Mach-Zehnder LiNbO modulator with places the DSB-SCM transmitter output onto a 1550-nm wavelength, where the laser has been dithered to remove stimulated Brillouin scattering. This feeds into the propagation medium, a 20-km spool of standard SMF that, according to (8) , will induce subcarrier suppression at frequencies close to 14 GHz. To precisely control the optical signal power into the spool, an EDFA first amplifies the signal to greater than 20 dBm. The signal is then attenuated to the desired power using a variable attenuator. After propagation, a second EDFA serves as a preamp to the photodetector, but a second variable attenuator normalizes the received photodetector power to a constant level as varies. Measured with the RF spectrum analyzer, the subcarrier frequency of the SCM-DSB transmitter was varied until it yielded minimum RF power due to fading. These null frequencies were measured for increasing power levels, and Fig. 12 shows the results. It includes experimental data, a theoretical plot for (21) , and simulated results of this experiment. The three are in excellent agreement with each other until higher order effects deviate them at very high power levels ( 17 dBm). The equation closely follows the simulated and experimental results, showing that the small (modulation) signal approximation does not vary greatly from a true DSB-SCM transmission. All three results show that the subcarrier frequency remains virtually unchanged for powers below 5 dBm before beginning to increase.
To determine where subcarrier fading occurs as a function of distance and power, the simulation used for the set-up above propagated the light signal at varying fiber distances. The subcarrier frequency was kept fixed at 14 GHz, and instead of using an RF spectrum analyzer to measure the subcarrier power, an RF circuit filtered out the baseband signal, downshifted the subcarrier component, and obtained the BER of the label. Fig. 13 shows the simulator results; since the simulator uses an eye mea- surement to obtain the BER, it is able to obtain BERs smaller than 1E-15 and larger than 1E-1. Eye diagrams at 5 and 20 dBm show the progression of the eyes through 0, 15, and then every 20 km of fiber. The eyes degenerate where the BER is high, although the eyes at 20 dBm exhibit self-phase modulation even when the BER is low. The fiber distance where fading occurs increases as power increases; but more important, the fading range increases as well. The fading range is defined as the distances where fading causes poor BER performance, and clearly, this range is larger for 20 dBm than at 5 dBm. Thus, it becomes especially important to remove the fading effect when the fiber path includes fiber amplifiers, since the fading occurs over a much wider range of fiber distances.
V. ALL-OPTICAL SCM LABEL SWAPPING
All-optical-label swapping is an important technology to provide scalability in OLS networks [8] , [11] . As discussed in Section III, FBGs have the ability to separate the payload and the SCM label in optical domain, and this ability offers the possibility to achieve all-optical-label swapping. In the OLSR, an FBG extracts the labels optically and puts them into a label processor. The label processor generates new labels according to the old ones and modulates them onto an optical carrier. As Fig. 14 indicates, another FBG suppresses the optical carrier of this optical SCM carrying the new optical-label while the wavelength converter maps the data payload onto the same wavelength. Finally, a coupler combines the label and the payload and finishes the label-swapping operation. Experiments have successfully demonstrated error-free optical-label swapping with 2R data regeneration and without power penalty [26] . Fig. 14 shows the optical-label swapping module and the optical spectra at different points. The module consists of a DFB LD, a LiNbO modulator, a 1 2 fiber coupler, two polarization controllers (PCs), a semiconductor optical amplifier-based Mach-Zehnder interferometer wavelength converter (SOA-based MZI WC), an isolator, an FBG, an EDFA, an attenuator, and a polarization beam combiner (PBC). Its top arm performs wavelength conversion of the payload, while the bottom arm performs SCM label rewriting. The DFB LD provides continuous-wave (CW) light to both arms through a 1 2 coupler. The signal light (inset (i) in Fig. 14) that goes into the SOA-based MZI WC only has the payload signal, and its SCM label is already removed by an FBG. Then, the cross-phase modulation in the SOA-based MZI WC converts the payload signal onto the wavelength of the DFB LD (inset (ii) in Fig. 14) . The new SCM label is modulated onto the light from the DFB LD by a LiNbO modulator in the bottom arm. The FBG and the isolator suppress the optical carrier in the bottom arm and avoid interference with the payload (inset (iii) in Fig. 14) . Finally, the PBC combines the payload and the new SCM label together (inset (iv) in Fig. 14) . The purpose for using two PCs and a PBC here is to avoid undesired coherent interference between the two arms. Due to the finite extinction ratios of the FBG (approximately 25 dB), and there will be small but finite coherent interference if we use a conventional coupler.
BERs are measured on the label and the payload before and after the label swapping. Fig. 15 shows those BER results. The label swapping system imposes almost no power penalty to either the label or the payload. This is due to the 2R regeneration in the SOA-based MZI WC and the suppression of the intermodulation effect. These experimental results prove that SCM label swapping with simple system architecture and excellent performance is feasible, which is a prerequisite for cascadable OLS systems in a scalable network.
VI. CONCLUSION
This paper conducts theoretical and experimental investigations of linear and nonlinear optical studies on RF-photonics signal processing in optical subcarrier multiplexed systems. The signal processing normally conducted by using high-frequency RF electronics can be conducted by the optical filtering and low-frequency electronics. RF photonics signal processing also suppresses RF fading effects often seen in conventional RF DSB-SCM signal transmissions. The RF photonics signal processings applied to DSB and SSB subcarrier signals both show excellent performance. Theoretical and experimental results also indicate very good agreements for both linear and nonlinear optical processes in the fiber. Optical label swapping with RF photonics processing and 2R data regeneration indicate error-free performance for future applications in scalable optical-label switching networks. 
